Abstract Since 1999 six Sound Fixing and Ranging (SOFAR) hydrophones have been moored along the Mid-Atlantic Ridge (MAR) (15Њ-35Њ N). These hydrophones (8-bit data resolution) are designed for long-term monitoring of MAR seismicity using the acoustic T waves of seafloor earthquakes. The completeness level of the MAR Twave earthquake catalog estimated from size-frequency constraints is m b ϳ 3.0, a significant improvement in detection compared to the m b 4.6 completeness level estimated from National Earthquake Information Center magnitude-frequency data. The hydrophones also detect the acoustic phase of converted upper mantle P arrivals from regional earthquakes at epicentral distances of 374-1771 km and from events as small as m b 3.6. These regional P waves are used to estimate a Pn velocity of 8.0 ‫ע‬ 0.1 km sec ‫1מ‬ along the east and west MAR flanks. An unexpected result was the identification of P arrivals from earthquakes outside the Atlantic Ocean basin. The hydrophones detected P waves from global earthquakes with magnitudes of 5.8-8.3 at epicentral distances ranging from 29.6Њ to 167.2Њ. Examination of travel times suggests these teleseismic P waves constitute the suite of body-wave arrivals from direct mantle P to outer-and inner-core reflected/refracted phases. The amplitudes of the teleseismic P waves also exhibit the typical solid-earth wave field phenomena of a P shadow zone and caustic at D ϳ 144Њ. These instruments offer a long-term, relatively low-cost alternative to ocean-bottom seismometers that allows for observation of Pn velocities and mantle/core phases arriving at normally inaccessible deepsea locations.
Introduction
In February 1999, a consortium of U.S. investigators (National Science Foundation and National Oceanic and Atmospheric Administration) began long-term monitoring of Mid-Atlantic Ridge (MAR) seismicity between 15Њ N and 35Њ N. The experiment uses six autonomous hydrophones moored within the Sound Fixing and Ranging (SOFAR) channel on the MAR flanks. The hydrophones were designed to record the hydroacoustic tertiary phase or T wave of oceanic earthquakes and estimate the acoustic location of these earthquakes from throughout the Atlantic Ocean basin . Since acoustic T waves obey cylindrical spreading (r ‫1מ‬ ) energy loss as opposed to the spherical spreading (r ‫2מ‬ ) of solid-earth seismic P waves, sound-channel hydrophones can often detect smaller and therefore more numerous earthquakes than land-based seismic networks (Johnson et al., 1968; Fox et al., 1994) . Thus hydroacoustic techniques can be invaluable for global seismic monitoring efforts because of their potential to reduce earthquake detection thresholds and because hydrophone arrays are easier to install on the seafloor than geophones. Seismic coverage in the Atlantic and other ocean basins is sparse because permanent installations are restricted largely to islands, thereby limiting our understanding of seismicity in the deep ocean and significant portions of the Earth (Kanamori, 1988) .
In addition to T waves, ocean hydrophones commonly detect solid-earth P waves from regional (Dziak et al., 1997; Sohn and Hildebrand, 2001 ) and teleseismic earthquakes (Pulli and Upton, 2002) . Dziak et al. (1997) and Sohn and Hildebrand (2001) used U.S. Navy hydrophones mounted on the seafloor to detect regional P waves at the crust-ocean interface in the northeast Pacific and Arctic Oceans, respectively. These studies used the P and T waves of oceanic earthquakes to estimate locations and detection thresholds and to develop seismic and acoustic magnitude scaling relationships. Walker et al. (1983) and Slack et al. (1999) have demonstrated that seafloor-mounted hydrophones can also be used to measure Pn velocities of oceanic lithosphere by recording the arrival time of P waves from regional earthquakes in the west and northeast Pacific Ocean. Quality Pn estimates are rare in the deep-ocean basins owing to the difficulty in placing seismometers on the ocean floor for extended periods of time. Pulli and Upton (2002) showed that hydrophones anchored to the seafloor and suspended via floats (moored) within the sound channel in the Indian Ocean also were effective at detecting direct upper mantle P waves from a large (M w 7.8) teleseismic earthquake (D ϳ 30Њ). The mantle P waves from this event were converted to an acoustic wave at the crust-ocean interface beneath the hydrophones, and at the time this was the largest epicentral distance over which P waves had been recorded on SOFAR hydrophones.
This article presents an assessment of the waveform detection capability of the MAR moored hydrophones by examining the P-and T-wave records of 84 regional MAR and teleseismic earthquakes (Fig. 1 ). The regional P-wave arrival times on the hydrophone array are used to estimate Pn velocity along the east and west flanks of the MAR and to examine the detection capabilities (magnitude of completeness) of the T-wave earthquake catalog for the MAR. Moreover we will show evidence that hydrophones suspended in the SOFAR channel are capable of recording P waves with ray paths through the outer and inner core as well as the upper mantle.
Hydrophone and Mooring Specifications
A schematic diagram of the autonomous hydrophone instrument and mooring is shown in Figure 2 . The hydrophone instrument package includes a single ceramic hydrophone, a filter/amplifier stage, accurate clock, and processor modified from off-the-shelf hardware. During the 1999-2003 MAR deployments, the instrument was set to record 8-bit data resolution at 110 Hz (1 to 55-Hz bandpass), allowing data to be recorded for 400 days. The instrument is now capable of recording 16-bit resolution data at 250 Hz (1 to 110-Hz bandpass) for periods of up to 2.5 yr. The hydrophone and preamplifier together have a flat frequency response over the passband, but the low-end frequency begins to rolloff at 0.6 Hz.
The digital section is based on an off-the-shelf logging computer (CF1 from Persistor Inc.) with an additional circuit card developed to allow writing to a maximum of five 2.5Љ hard-disk drives through an Intelligent Drive Electronics (IDE) interface. Current disk technology allows for five 8-Gb-capacity drives, or a total of 40 Gb total storage. Accurate timing is provided by a temperature-correcting crystal oscillator with an average drift of 400 msec during a typical year-long deployment. The analog filter/amplifier section is designed to prewhiten the ocean ambient noise spectrum. The analog section is isolated from the digital section by the battery pack. The electronics are powered by 168 standard alkaline D-cell batteries, which are replaced on the research vessel during redeployments.
The field package includes a custom pressure case manufactured from aircraft titanium tubing that can be deployed to depths of 1200 m. The titanium construction minimizes corrosion and allows repeated deployments without onshore refurbishment. The instrument case is attached to a standard oceanographic mooring (Fig. 2) with anchor, acoustic release, and mooring line premeasured to place the sensor at the proper water depth within the ocean sound channel (ϳ900-1000 m in the Atlantic). A syntactic foam float suspends the mooring above the seafloor. A small pressure and temperature recorder is attached to the mooring line below the float to record the depth should dramatic hydrophone depth changes occur in response to stronger-than-normal currents.
Hydroacoustic Phases
Hydrophones moored in the ocean sound channel record not only the hydroacoustic T waves of regional oceanic earthquakes, but also the acoustic-converted P waves from regional and teleseismic events. The likely propagation paths for the T, regional P, and teleseismic P arrivals are shown schematically in Figure 2 . The regional P wave has an oblique incidence angle and propagates laterally toward the hydrophones along the Moho as evidenced by the relatively large arrival time differences (2-3 min) across the hydrophone array. In contrast, the teleseismic P waves have relatively small (Ͻ20 sec) arrival time differences across the hydrophone array, suggesting they have a near vertical incidence angle at the seafloor. The vertical incidence likely results in a large transfer of seismic to acoustic energy at the seafloor-ocean interface since particle motion for the seismic wave should be near maximum. Examples of these arrivals recorded on the hydrophones are presented and discussed in the following sections.
Regional Atlantic Ocean Earthquakes
The time series and frequency spectra of regional P-and T-wave arrivals from an m b 4.6 regional MAR earthquake are shown in Figure 3 . The seismic location of the earthquake (National Earthquake Information Center [NEIC], online catalog) was between 3.7Њ and 14.9Њ epicentral distance from the hydrophones. The P arrivals are relatively broadband (1-20 Hz) and have reasonable signal-to-noise (S/N) ratios and clear delay times across the hydrophone array reflecting lateral propagation along the Moho discontinuity. The T waves, on the other hand, are broadband to the peak of the bandpass (1-55 Hz), have high S/N ratios, and arrive from 2.5 to 15 min after the P wave reflecting the slower propagation speed (mean of 1.49 km sec
‫1מ‬
) of the acoustic waves through the sound channel. Figure 4 shows the P arrivals (Pn) of three other regional MAR earthquakes (m b 3.6, 4.6, 5.8). The m b 3.6 earthquake is the smallest MAR event detected by the hydrophones (and closest with D ‫ס‬ 374.3 Figure 1 . Global map of 43 earthquakes (red circles) that produced P waves detected on the MAR hydrophone array. Blue stars show the hydrophone mooring locations. Red circles within the hydrophone array show the 41 MAR earthquakes that also produced detectable P waves, with magnitudes that range from m b 3.6 to M s 6.3. An m b of 3.6 is the MAR earthquake detection limit of land-based seismic networks for the north Atlantic Ocean (Bohnestiehl et al., 2003) . Yellow circles show global m b Ն5.8 earthquakes whose P waves were not detected on the MAR hydrophone array. The smallest teleseismic earthquakes to reliably produce detectable P waves had m b 's of 5.8 and were located relatively close to the MAR (D Յ 65.8Њ) along the Middle America and Chile Trenches. White circles show earthquakes located by the MAR hydrophones using T waves, minimum of five hydrophones used for location solutions. Acoustic shadowing caused by shallows associated with the Azores hotspot may influence detection and locations of MAR earthquakes north of the hydrophone array (Ͼ45Њ N). km) that was also recorded by the NEIC. The dashed lines on each waveform show the Pn predicted arrival time from IASPEI91 (Kennet and Engdahl, 1991) with the acoustic propagation time from the seafloor to the hydrophone added. The delay time expected in P arrival times from acoustic conversion of the seismic phases at the seafloor interface and propagation to the hydrophone through the water column was estimated using the distance from the seafloor to the hydrophone and dividing by the ocean sound velocity at each hydrophone location available from the generalized digital environmental model (GDEM) (Davis et al., 1986) . These delay times range from 1.9 to 2.7 sec due to differences in length of the hydrophone moorings (3000-4200 m). In each case, the predicted Pn arrival times are 7-9 sec before the first high-amplitude phase above ambient noise observed on the hydrophones. This difference in observed and predicted Pn arrival time is probably caused by a combination of velocity model and earthquake location error, and therefore we interpret the high-amplitude phases as Pn arrivals. The inset of Figure 4c further illustrates the quality and good S/N ratio of the seismoacoustic Pn arrivals recorded on the hydrophones. The large-amplitude arrival ϳ40-44 sec after the Pn seems likely to be a converted Sn arrival, where an oblique angle of incidence for the Sn arrival at the crustocean interface might result in significant vertical particle motion and create a large-amplitude acoustic phase in the water column. The onset of this phase is also ϳ7-9 sec after the predicted International Association of Seismology and Physics of the Earth's Interior (IASPEI) 91 arrival time for an Sn. These differences in observed and predicted Sn arrival times are also consistent with velocity and location error, and therefore it seems likely these phases are indeed Sn.
Pn velocities of the oceanic upper mantle have not been measured often due to the difficulty in placing seismometers probable seismic/acoustic propagation paths detected on the hydrophones. Preamplifier, digital logging section, and hard drives are contained within a titanium pressure case powered by 150 D-cell batteries. The hydrophone instrument package is anchored to the seafloor, then suspended in the SOFAR channel using a single large syntactic float. A ridge-crest earthquake produces seismic waves that propagate vertically through the crust and convert to an acoustic phase at the seafloor-ocean interface. This acoustic phase will then propagate into the sound-channel wave guide, becoming a T wave (Park and Odom, 2001 ). Seismic phases from this earthquake also propagate along the Moho discontinuity (Pn) and convert to an acoustic phase near the hydrophone. Deep-mantle and core P arrivals from teleseismic events propagate vertically toward the seafloorocean interface and convert to an acoustic phase directly beneath the hydrophone.
on the ocean floor for extended periods of time. The regional P-wave arrival times were used to estimate the Pn velocity of the uppermost mantle within the autonomous hydrophone array, representing 48 individual ray paths traversing the east and west flanks of the MAR (Fig. 5 ). To estimate Pn velocity, we minimized the error of the following summation solving simultaneously for velocity and earthquake origin time:
where P i is the seismic P-wave arrival time at n ‫ס‬ 2-6 hydrophones, D i is the geodesic distance from the earthquake epicenter to the hydrophone, V is Pn velocity, and O is the earthquake origin time. The hydroacoustic locations an m b 4.6 MAR earthquake. Time series amplitude is in digital units. The spectrogram is unfiltered, has a frequency range of 1-55 Hz, and was produced using 1-sec time windows of the hydrophone data. The earthquake occurred on 26 April 2000 and was 10 km deep. The hydrophones ranged from 3.7Њ to 14.9Њ in epicentral distance, although the Pn arrival is not clear on the south-west (bottom) hydrophone. The T waves from earthquakes occurring at other portions of the MAR can also be seen in the time series and spectrograms, arriving within a few minutes before and after the T wave of the 26 April event. Dashed line was added to highlight Pn arrivals on the hydrophones. All MAR earthquakes available from NEIC during 1999-2001 have depths of 10 km. NEIC depths of 10 and 33 km represent fixed event depths, meaning in these cases there is generally little depth control for teleseismically located earthquakes.
of the MAR earthquakes were used in the Pn velocity calculation because they are often better constrained than the seismically derived locations. This is due to the relatively slow acoustic speeds (ϳ1475 m sec ‫1מ‬ ), the availability of accurate sound speed models based on decades of oceanic measurements, and the good azimuthal distribution of the hydrophones relative to deep-ocean plate boundaries like the MAR (Slack et al., 1999; Bohnenstiehl et al., 2003) . Nevertheless, we solved for origin time because the hydroacoustic origin time of the earthquake represents when the T wave enters the ocean sound channel, which can be several tens of seconds later than the actual seismic origin time (Slack et al., 1999; Dziak et al., 2000) . The delay in the Pwave arrival time due to the acoustic propagation of compressional waves from the seafloor to the hydrophone was again removed from each P-wave arrival time before the velocity and origin-time estimates were made. For the situation when only two P arrival times were detected from an earthquake, equation (1) has a simple algebraic solution. Even for earthquakes with three or more P arrival times, the (Kennet and Engdahl, 1991) travel-time table. The arrival times were adjusted to account for acoustic propagation time from the seafloor to each hydrophone using ocean-sound speeds available from GDEM (Davis et al., 1986) and distances from the seafloor to the hydrophones of 2700-3200 m. The time t ‫ס‬ 0 on the diagrams were selected to best display the arrival phases and are not relative to event origin time. The IASPEI Pn arrival time is earlier than observed by (a) 7.5 sec, (b) 9.1 sec, and (c) 8.8 sec. All time series have had a 3-Hz low-pass filter and cosine taper applied. Inset on panel (c) further illustrates the good quality and S/N ratio of Pn arrivals on the hydrophones. The later arriving high-amplitude phase within each coda is consistent with the arrival time of an acoustically converted Sn phase.
small number of instruments (six) in the array means the degrees of freedom are low and statistical uncertainty is not particularly well constrained. Once a solution for velocity was obtained for an earthquake, the final Pn velocity was calculated by finding the mean velocity of all events (each weighted by the number of P arrivals recorded for a given earthquake) resulting in a Pn velocity estimate of 8.0 ‫ע‬ 0.1 km sec ‫1מ‬ . Similarly, the uncertainties from the nonlinear least-squares method employed here were used to estimate the mean Pn velocity uncertainty.
The Pn velocity estimated in this study is consistent (within error) with Pn velocity estimates of 8.0 km sec ‫1מ‬ measured by Purdy and Detrick (1986) along the MAR at the Kane Fracture Zone (24Њ N), and the standard preliminary reference earth model (PREM) value of 8.1 km sec ‫1מ‬ for lower oceanic crust/upper mantle (Dziewonski and Anderson, 1981) . Young (Ͻ10 Ma) oceanic lithosphere has lower Pn velocities than older oceanic lithosphere (Purdy and Ewing, 1986) , and therefore the slightly lower values as compared to the PREM model may be due to the P waves sampling young ocean crust. In contrast, our MAR Pn velocity is higher than more recent Pn velocity estimates of 7.5-7.9 km sec ‫1מ‬ along the MAR flanks at 35Њ N (Canales et al., 2000) and 7.4 km sec ‫1מ‬ along the ridge axis from 33.5Њ to 35Њ N (Hooft et al., 2000) . The shot and receiver locations for these two refraction experiments were within 50 km of the MAR ridge axis, and therefore the lower Pn estimates are probably due to the younger and thinner ocean lithosphere being sampled. 
Global Earthquakes
Searching the MAR hydrophone records for Pn arrivals of regional Atlantic Ocean earthquakes resulted in the unexpected identification of teleseismic P-wave arrivals from global earthquakes. For example, Figure 6 shows the time series and frequency spectra of the signal packets that should contain outer-and inner-core arrivals from an M s 8.2 earthquake that occurred along the subduction zone near New Guinea in the western Pacific Ocean. The earthquake occurred at epicentral distances between 146.2Њ and 160.8Њ from the hydrophones, and for earthquakes at large distances (D Ͼ 140Њ), IASPEI91 predicts that PKIKP, PKP, and PKiKP should constitute the first arriving phases. These inner-and outer-core reflected/refracted arrivals are relatively narrowband (1-3 Hz) but have reasonably good S/N ratios. The phases arrive within 20 sec on all hydrophones in the array consistent with high seismic speeds and a near vertical angle of incidence at the seafloor-ocean interface derived from propagation paths through the lower mantle and core. For each hydrophone, IASPEI91 predicts that PKIKP will be the first arrival, with PKP and PKiKP arriving from within 5-43 sec of the first arrival on the closest (northwest; D ‫ס‬ 146.2Њ) to the farthest (southeast; D ‫ס‬ 160.8Њ) hydrophone. The long duration of the signal packet suggests these core phases are all likely recorded on each hydrophone, however, due to the complex nature of the time series, individual phases are not easily identifiable within the arrival coda. The exception to this may be on the most distant (southeast) hydrophone where only two phases, PKIKP and PKP, are expected, and they arrive 43 sec apart. It appears from Figure  6 , despite the low S/N ratio of the time series and spectra, that there are two distinct arrival phases present on the southeast hydrophone.
Figures 7 and 8 show more detailed examples of the hydrophone records of the PKIKP, PKP, and PKiKP arrivals from an M w 8.3 Java Trench earthquake (D ‫ס‬ 143.7Њ-149.4Њ; h ‫ס‬ 33 km) and a direct mantle P arrival from an M w 7.0 Chile Trench earthquake (D ‫ס‬ 47.7Њ-65.8Њ; h ‫ס‬ 608 km). All of these phases were recorded with good S/N ratios. As with the regional Pn arrivals, the dashed lines in Figures 7 and 8 show the expected arrival times of the lower mantle and core phases estimated using the IASPEI91 travel times (Kennet and Engdahl, 1991) . The expected phase arrival times were again adjusted for the acoustic propagation from the seafloor to the hydrophones. The direct P and the inner-core refracted PKIKP are the predicted first arrivals (for the Chile and Java Trench earthquakes, respectively), and their estimated arrival times are ϳ15 and 18-23 sec earlier than the first high-amplitude arrival above ambient noise observed on the hydrophones. This difference in observed and predicted arrival times is again consistent with error in the velocity model and earthquake location, and therefore it seems likely these phases are direct P and PKIKP. Indeed, the Harvard moment tensor catalog indicates the centroid origin times for the Chile and Java earthquakes are 6.1 and 20.3 sec later than the hypocenter origin times. This difference in origin time alone accounts for a significant portion of the delay in the observed arrival times. In addition, the PKiKP (reflection off the surface of the inner core) and PKP (refraction through the outer core) phases from the Java Trench earthquake should arrive 2-5 and 5-10 sec, respectively, after PKIKP and may be the highamplitude phases apparent within the coda of the arrival onset (Fig. 7) . In our hydrophone records, however, we found that PKP and PKiKP could not be easily distinguished from the PKIKP arrival. It may be that these arrivals are not clear on hydrophone records (i.e., the long duration of the coda) due to reverberation at the seafloor/ocean interface at a very large circular area beneath the hydrophone. Unlike the regional Pn phases, the lower mantle and core phases should be a planar wavefront when intersecting the seafloor since they are arriving at a nearly vertical incidence angle, meaning a much larger area of the seafloor is ensonified (and hence there are more point sources for acoustic scattering), complicating the acoustic arrivals. Time series amplitude is in digital units. The spectrogram was produced using 1-sec time windows of the hydrophone data, low-pass filtered at 3 Hz. The earthquake occurred on 16 November 2000 and was fixed at a depth of 33 km. The hydrophones ranged from D ‫ס‬ 146.2Њ to 160.8Њ in epicentral distance. These core arrivals are well recorded with good S/N ratios. The dashed lines again show the predicted arrival times using the IASPEI91 (Kennet and Engdahl, 1991) travel-time table. The arrivals are displayed aligned in time (t ‫ס‬ 0 does not correspond to event origin time). The first phase arrives within 20 sec of each other on all hydrophones, consistent with high seismic speeds and a near vertical angle of incidence at the seafloor-ocean interface derived from propagation paths through the lower mantle and core. For each hydrophone, IASPEI91 predicts that PKIKP will be the first arrival, with PKP and PKiKP arriving between 5 and 43 sec of the first arrival on the closest and farthest hydrophone, respectively.
Detection Levels and Amplitudes
To estimate earthquake detection thresholds using P and T waves recorded on the MAR hydrophone array, earthquake seismic magnitude versus epicentral distance for all 84 regional and teleseismic earthquakes detected during the recording period is shown in Figure 9 . The smallest regional MAR earthquake to produce detectable P waves had an m b of 3.6 and occurred at a range of 374.3 km (D ‫ס‬ 3.4Њ) from the nearest hydrophone. Teleseismic (Ͼ30Њ) P waves are consistently detected from earthquakes with m b Ͼ5.7, although the P waves from one m b 5.5 earthquake were detected from the Chile Trench (h ‫ס‬ 118 km) at 48.4Њ epicentral distance. T waves with water column propagation paths are also detected at regional to teleseismic distances but are limited to earthquakes occurring within the Atlantic Ocean basin.
The seismic magnitude of the smallest earthquake detectable using T waves is more difficult to assess since small (m b Ͻ3.6) MAR earthquakes are typically below the detection threshold of land-based seismic networks surrounding the Atlantic Ocean. The completeness level of the hydrophone data, however, can be assessed using the observed acoustic magnitude (i.e., source level [SL] ) and frequency distribution of events within the T-wave catalog (e.g., Bohnenstiehl et al., 2002 Bohnenstiehl et al., , 2003 . The acoustic magnitude of a seafloor earthquake is calculated for each receiving hydrophone by removing the effects of acoustic attenuation along The arrival times were adjusted to account for acoustic propagation time from the seafloor to each hydrophone. The IASPEI91 predicted PKIKP arrival time is earlier than the observed first arrival times on the hydrophones by (a) ϳ18 sec, (b) 20 sec, and (c) 23 sec. PKP and PKiKP arrival times for this event are between 2-5 and 5-10 sec, respectively, after the PKIKP arrival, suggesting these core phases are also part of the onset of the wave train. the propagation path from source to receiver (spherical spreading from seafloor to sound channel; cylindrical spreading along the sound-channel path) and the hydrophone instrument response from the T-wave signal packet (Dziak, 2001) . Source levels are measured in decibels relative to micro-Pascals at 1 m and are the mean of all hydrophones that recorded the earthquake.
As shown in Figure 10a , the cumulative SL-frequency distribution of the T-wave data is described by
where N is the number of T-wave events having source level ՆSL. The empirical constants A and b t reflect the total number of earthquakes and distribution of the data, respectively. Since SL is a logarithmic measure of earthquake size, this relationship is consistent with a power-law moment-frequency distribution and b t is analogous to the b-value in the well-known Gutenberg-Richter relationship. T-wave earthquakes within the array, and at a distance Ͻ5Њ of the ridge axis between 15Њ and 35Њ N, exhibit a b t of ϳ0.0678, and the data depart from the scaling relationship given earlier for earthquakes with SL Ͻ 210 dB. This rolloff in the SLfrequency distribution indicates a failure to consistently detect smaller events.
By extrapolating the Gutenberg-Richter relationship observed in land-based seismic catalogs, SL-frequency information can be used to constrain the seismic magnitude of completeness for the T-wave data. NEIC magnitudefrequency data from the area within the array are shown in Figure 10b (1973-2002, normalized per year) . The data exhibit a b-value of 1.29 and completeness level of m b 4.6. Projecting this relationship to lower magnitude scales suggests that an SL of 210 dB is equivalent to an m b ϳ3.0 earthquake, with an SL-magnitude relationship of SL ‫ס‬ 18.95M ‫ם‬ 151.91. It can be seen in Figure 10a ,b that the completeness level calculations from the frequencymagnitude data are subject to interpretation, thereby introducing ambiguity to the completeness level estimates. It appears, however, that T-wave data represent an improvement in detection of ϳ1.5 magnitude units relative to land-based seismic data.
Previous studies have used a linear regression between SL and magnitude to derive similar relationships. For this Atlantic hydrophone data, a linear regression of the SL and NEIC magnitude data yields the relationship SL ‫ס‬ 6.93M .0 Chile Trench earthquake (h ‫ס‬ 608 km) recorded on three MAR hydrophones. The time t ‫ס‬ 0 on the diagrams were selected to best display the arrival phases and are not relative to event origin time. The IASPEI predicted P arrival time (dashed line) is earlier than the observed by ϳ15.1 sec on all hydrophones. The arrivals from this earthquake were exceptionally high amplitude compared to other equivalent-sized earthquakes at similar epicentral distances but from different source regions (see Fig. 11 ). This suggests the source orientation of the earthquake may have contributed to the high-amplitude arrivals. No clear depth phase pP wave was observed later in the P-wave coda.
‫ם‬ 199.65. This is similar to the SL-magnitude relationship derived for an equivalent hydrophone array along the equatorial East Pacific Rise, where magnitude data in the range m b 3.5-4.7 were fit linearly versus SL (Fox et al., 2001) . For these 8-bit instruments, however, many of the large-magnitude events have clipped T-wave arrivals on some or all of the hydrophones (as discussed later). Consequently, the SL scale is expected to saturate, and SL and magnitude are only weakly correlated with an R 2 of 0.43 (Fig. 10c) . Extrapolating the relationship derived from this regression to smaller events implies that the 210 dB is equivalent to an m b ϳ1.5 earthquake in the Atlantic. However, if the array consistently were locating m b Ͼ1.5 earthquakes, we would expect on the order of 10 5 detectable events each year. This is significantly more than observed, and consequently we favor the completeness level estimate of m b ϳ3.0 (210 dB), as constrained by the SL-frequency data.
To assess further the detection capability and dynamic range of the hydrophones for recording P and T arrivals, the waveform amplitudes (in digital units at 8-bit resolution) are shown as a function of epicentral distance in Figure 11 . To reduce spurious amplitude records, each P and T amplitude value shown represents the mean of the five maximum amplitudes from the waveform packet. As expected, the P and T waves of earthquakes within the Atlantic Ocean basin (D Յ 30Њ) have the highest amplitude records and in many cases are clipped (122-128 digital units [D.U.] ) by the recording package. P-wave records on the hydrophones are clipped from Atlantic Ocean earthquakes up to an epicentral distance of 20Њ, whereas T waves are clipped when Atlantic earthquakes have body-wave magnitudes Ն4.8 or are within 400 km (D ‫ס‬ 3.6Њ) epicentral distance. As discussed earlier, teleseismic P waves are also detected on the MAR hydrophone array from earthquakes occurring throughout the globe (D Յ 180Њ). The amplitudes of these global P waves exhibit the typical solid-earth wave Figure 9 . Magnitude versus epicentral distance for regional and teleseismic earthquakes recorded on the MAR hydrophone array. Bodywave magnitude is used for earthquakes Յ4.9; moment magnitude is used for earthquakes Ն5.0. A square indicates a P-and T-wave arrival were detected from an earthquake; a diamond indicates a P arrival only was detected. The sound-channel hydrophones consistently record the P and T arrivals of Atlantic Ocean basin earthquakes with m b Ͼ3.5 and the P waves of teleseismic earthquakes with m b Ͼ5.7.
field phenomena of a direct P shadow zone and a highamplitude caustic at D ϳ 144Њ due to the increase in P-wave speed in the outer core (Kennett, 2001) . Effects due to the outer-core caustic likely account for the high-amplitude arrivals from Philippine and Java Trench earthquakes. Deep earthquakes (h Ͼ 100 km) from the Middle America and Chile Trenches produced the highest amplitude P waves recorded on the hydrophones (47.7Њ Ն D Ն 65.8Њ) when compared to equivalent-sized earthquakes at similar epicentral distances from other source regions. The cause of this is not perfectly understood, but it may be that deep earthquakes from Central and South American subduction zones have Pwave radiation patterns with the highest wave amplitude oriented toward the MAR hydrophone array. The M w 7.0 Chile Trench earthquake has a northwest-striking, high-angle normal fault moment tensor solution (NEIC, online catalog) consistent with this interpretation.
Summary
It has been well established that autonomous hydrophones moored to the seafloor and suspended in the ocean sound channel are capable of providing insights into seafloor tectonovolcanic activity by detecting earthquakes below the threshold of land-based seismic networks using hydroacoustic phase propagation in the oceans. The improved detection capability afforded by sound-channel hydrophones has been further demonstrated and quantified here, with T-wave data providing a lowering in earthquake detection threshold along the central MAR of ϳ1.5 magnitude units relative to landbased seismic data. In addition, detection on the MAR hydrophones of P waves from regional earthquakes provides an opportunity to make rare, deep-ocean measurements of upper mantle velocity in ocean crust. A mean Pn velocity of 8.0 ‫ע‬ 0.1 km sec ‫1מ‬ was estimated using 48 rays along the east and west flanks of the MAR. The unexpected result presented in this study was the first-time identification of deepmantle and outer-and inner-core P-wave reflected/refracted phases recorded on SOFAR hydrophones. These instruments may be of significant interest to the body-wave seismology and seismic tomography communities since they offer a long-term, relatively low-cost alternative to ocean-bottom seismometers that allows for observation of Pn velocities and mantle/core phases arriving at normally inaccessible deep-sea locations. Although ocean-bottom seismometers (depending on epicentral distances and gain settings) should be more effective at detecting seismic phases at the seafloorocean interface, one goal of our study has been to show that hydrophones can record useful information about seismic phases using an instrument that is in many cases cheaper to build and easier to deploy. The P-wave shadow zone (95Њ-140Њ) is evident as is the caustic (at D ϳ 144Њ) due to the drop in P-wave speed in the outer core. Exceptionally high P-wave amplitudes (e.g., M w 7.0 Chile Trench earthquake) may be due to radiation pattern effects. No clear evidence of an inner-core refracted wave has been recorded yet. Abbreviations are M.A.T., Middle America Trench; J.T., Java Trench; Phil, Philippine Trench; C.T., Chile Trench.
